Biocides are oilfield chemicals that are widely used to control bacterial activity throughout the oil industry. A feasibility study has been explored to develop detection techniques for biocide batch treatments, preferably on-line and in real-time, for their potential use in seawater flooding system. Several methods to measure key components of the biocide formulation were investigated and reported in previous study [1] . The enzymatic activity of an immobilized acetylcholine esterase (AChE) on the column material was successfully inhibited by some model compounds, but not by the actual biocides commonly used in Saudi Aramco seawater flooding system. In this paper, an alternative assay for biocide detection in the Saudi Aramco seawater flooding system was investigated for its applicability for the development of on-line biocide sensor. The assay was based on the detection of aldehyde functionality in the biocide mixture through measurement of a fluorescent derivative formed in the reaction of aldehyde groups and dimedone in the presence of ammonium acetate. The reaction of aldehyde groups with dimedone was demonstrated in seawater matrix, and the formed fluorescent product was successfully measured. The results showed that the dimedone-based assay was very sensitive, and relatively straightforward to perform. The ruggedness test also indicated that the assay is sensitive to minor changes of various specific conditions of the method. It is concluded that the dimedone assay is suitable for further development of a real-time biocide monitoring system to detect the presence of biocide slugs in seawater flooding system. The development of an automated on-line biocide sensor based on dimedone assay is underway.
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Introduction
The seawater flooding system in Saudi Aramco is by far the largest of its kind in the world. Seawater is filtered, deoxygenated, treated with various organic biocides mixtures, and injected at strategic points along the periphery of the oil reservoir, displacing the oil and "pushing" it toward oil supply wells in the center of the formation for enhanced crude oil recovery. Biocides are used to control bacterial activity throughout the extensive seawater flooding network. The short duration, high concentration batch biocide treatment is designed to prevent the growth of bacteria in the system [2] [3], thereby minimizing biofouling and water quality deterioration before injecting into the formation.
Because the system's matrix size is huge, it is very challenging to detect the arrival of a biocide slug at the remote water injection wells. Furthermore, quantification of biocide residual concentration in "real time" at remote desert locations is not currently possible. This calls for the need to develop sensor technologies, which will quantify biocide residual concentrations hundreds of kilometers from the biocide injection location without manual sample collection and conventional wet chemistry analysis.
The ultimate objective of this work is to introduce a mechanism to detect the arrival of the biocide slug at the remote water injection wells, and to determine the concentration of the biocide residual in the range of 20 -2000 ppm. Several techniques were explored during the feasibility study as basis for the development of biocide sensor [1] . The principles were to monitor changes in temperature (calorimetric), pH, and/or chromophore concentration (colorimetric). Acetylcholine esterase (AChE) enzyme converts substrate acetylthiocholine to a product detectable at UV-VIS spectra, but its catalytic activity may be inhibited in the presence of the other compounds such as biocides. The principle of AChE inhibition has been widely used as biological sensing element in the fabrication of monitors [4] - [7] . In our previous study [1] , the activity of immobilized AChE was successfully inhibited by model compounds acetylcholine and benzyl dimethyl decylammonium chloride, but the actual biocides commonly used in Saudi Aramco seawater flooding system failed show any significant inhibition of the enzyme. Therefore, the principle of AChE inhibition was determined to be not appropriate for on-line or on-site detection of relevant biocide ingredients used in Saudi Aramco.
As the biocide mixtures were mainly based on aldehyde functions (formaldehyde and glutaraldehyde), an alternative detection principle based on these functions was investigated in this paper for its applicability in Saudi Aramco seawater flooding system. A thorough literature review [8] identified a method which might be easily adapted to the needs and boundary conditions of the on-line biocide sensor. The method is based on the detection of a fluorescent product formed from dimedone (methone, CAS 126-81-8) reaction with aldehyde groups. The assay can be used to analyze aldehyde groups in general, i.e. it is sensitive to any aldehyde functions in the sample.
Experimental Setup

Materials and Equipment
Dimedone, ammonium acetate and other chemicals were purchased from Sigma-Aldrich and were used as received. All solutions were made with demineralized water.
Reported pH values were measured with a WTW pH 538 pH meter. Fluorescence measurements were performed with a Jasco fp-1520 fluorescence detector (Jasco Benelux). The vessels incorporation the coils for heating and cooling were homemade.
The dimedone assay was examined in the laboratory for its applicability in real-time biocide monitoring in the seawater matrix.
Assay Principle
The detection of aldehydes is based on the Hantzsch reaction ( Figure 1 ) [9] - [11] . The aldehydes react with dimedone in the presence of ammonium acetate (NH 4 Ac) to form a fluorescent derivative [10] . This derivative has an excitation wavelength of 395 nm and an emission wavelength of 463 nm. The reaction is fairly slow at room temperature, but highly accelerated at temperatures higher than 90˚C.
Experimental Conditions
The schematic setup of the dimedone assay is illustrated in Figure 2 , and the experimental conditions are outlined in Table 1 . 
Measurement Method
The injection loop is filled with the aldehyde-containing sample (seawater with biocide). The sample is injected into the carrier flow. The carrier flow is mixed with the reagent flow and heated to 100˚C. After heating the reagent mixture is cooled to room temperature to prevent any boiling in the detector. The amount of dimedone derivative is measured at an emission wavelength of 460 nm.
Results and Discussion
Measurements of Aldehyde Functionality in Seawater Containing Biocide
In the dimedone-based assay, this reagent reacts with the aldehyde group in a biocide formulation in the presence of ammonium acetate at pH 4.5 and at an increased temperature (e.g. 100˚C), and forms a fluorescent complex. 500 ppm of biocide A was reacted with dimedone for 30 min at 100˚C, and the fluorescent derivative was measured at emission wavelength of 460 nm. The peak of the emission spectra showed that this fluorescent assay was very sensitive to the aldehyde function group present in the biocide (Figure 3 ). Based on these promising results, the assay was further optimized in order to provide calibration curves for biocides A-D in seawater matrix.
Determination of Aldehydes in a Flow Injection System with Dimedone Assay
The calibration experiments were performed in seawater with various concentrations of biocide formulations indicated by A-D. The results of fluorescent signal from the reac- tion are shown in Figure 4 . The calibration curves showed that all four biocide formulations could be measured with high sensitivity and accuracy at relevant concentrations in seawater matrix. The assay setup is simple, robust and straightforward. The assay is therefore suited to develop into an on-line biocide sensor. Next, the robustness and ruggedness of this promising assay was tested by means of a structural variation of the experimental parameters.
Ruggedness of the Dimedone Assay
The ruggedness or the susceptibility to interference of the dimedone assay was tested by introducing changes in the analytical parameters, according to the method for a ruggedness test described by Youden and Steiner as following. "A ruggedness test is performed to establish whether an analytical method is sensitive to minor changes of various specific conditions of the method. The changes should be small and with a magnitude corresponding to what a chemist would expect to find among laboratories. The main objective of a ruggedness test is to identify conditions that must be carefully controlled and to discover those circumstances for which special care is needed. The ruggedness test is carried out by deliberately varying several parameters which are suspected to have a significant effect on the result. To achieve this, a set of multifactorial experiments must be designed for varying up to 7 factors simultaneously" [12] .
The method as described above was repeated seven times, varying seven different parameters according to the matrix ( Table 2 ). The 7 th variation was a dummy, as all possible variations were covered with six parameters and the method needed seven different parameters, according to the literature [12] . The measurement results in Table 2 were obtained by introducing the deviations according to the list in Table 3 . All deviations from the ruggedness test (see column "Deviation" in Table 2 ) were well below the repeatability value of the method (P < 0.05). Therefore, it is concluded that the dimedone method is rugged.
Application of Dimedone Assay for Mixed Biocide Formulations
Further to the ruggedness test, the dimedone assay was tested for robustness with respect to mixing of the four different biocide formulations. This test was performed in order to be able to predict the results due to possible blending of the biocides by third parties.
The dimedone assay was performed on the individual biocide formulations and on a 1:1 mixture of the relevant pair of formulations, i.e. the two formulations "A and B"
were mixed and the two formulations "C and D" were mixed. The measured response of the formulations and the mixtures was back calculated based on a calibration curve for formaldehyde. The results are summarized in Table 4 . The results showed that 1:1 mixing of the biocides coming from the same manufacturer led to an assay response that was nicely predicted by the theoretical value of the respective formulation.
Conclusion
This study described the development and performance of a biocide measurement assay based on the detection of aldehyde functionalities. The dimedone-based assay forms a fluorescent product as a function of aldehyde concentration in the biocide dissolved in a seawater mixture. The dimedone assay was proved to be a very promising assay for biocide measurement in seawater. The results of the ruggedness test also proved the suitability of the dimedone assay for development of an on-line biocide monitoring technique to detect the presence of a biocide slug in a seawater flooding system. Work is now in progress to develop the technology further in order to arrive at an automated on-line biocide sensor.
